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NuTeV is a neutrino-nucleon deep inelastic scattering experiment at Fermilab. The NuTeV detector is a tradi-
tional heavy target neutrino detector which consists of an iron/liquid scintillator sampling calorimeter followed by
a muon spectrometer. The calorimeter response to hadrons, muons and electrons has been measured in an in situ
calibration beam over the energy range from 4.5 to 190 GeV. The small non-linearity of the response to hadrons is
compared to the expectation from the measured ratio of responses between electrons and hadrons combined with
the energy dependence of the fractional electromagnetic energy deposition in the form of neutral pions in hadronic
showers f

0
(E

). The predictions use f

0
(E

) from the Monte Carlo simulations by GHEISHA, GFLUKA and
GCALOR and also from the parameterizations of Wigmans and Groom. In addition, a study based on the NuTeV
hadron calibration data of the eectiveness of a thin calorimeter is presented. The results of this study have im-
portant consequences for the energy resolution of calorimeters used in other applications; for example, measuring
the cosmic ray ux in space or with balloon-based experiments.
1. Introduction
NuTeV is a neutrino-nucleon deep inelastic
scattering experiment that ran at Fermilab during
the 1996{1997 xed target run. Some of the goals
of NuTeV include a measurement of the weak
mixing angle, a study of neutrino-nucleon struc-
ture functions and a search for neutrino oscilla-
tions. A neutrino interaction in the detector con-
sists most often of a hadronic shower and some-
times an outgoing muon, whose direction and mo-
mentum can be measured.
The energy calibration of the detector is ex-
tremely important for both the weak mixing angle
and structure function analyses. It represents one
of the largest systematic uncertainties in those
measurements. For this reason, NuTeV ran with
an in situ calibration beam line, which was used
to take data during the same accelerator cycle as
the neutrino beam.
We start with brief description of the detector,
followed by a description of the technique used
for calorimeter calibration and the results. At
the end of this paper we report a study of the
eectiveness of thin calorimeters, based on the
NuTeV calibration data and Monte Carlo studies.
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Figure 1. Geometry of one unit of the calorimeter.
This unit is repeated 42 times.
2. Calibration with muons and hadrons
The NuTeV calorimeter consists of 168 plates
of steel measuring 10
0
10
0
2
00
, interspersed with
84 scintillation counters of dimension 10
0
10
0
1
00
and with 42 drift chambers. There are two plates
of steel between every two consecutive scintilla-
ton counters, and one drift chamber between ev-
ery other set of counters. The geometry of one
unit of the target is shown in gure 1. This unit is
repeated 42 times to make up the entire calorime-
ter. Table 1 summarizes the materials and their
radiation and interaction lengths for one unit of
a calorimeter longitudinal layer.
The scintillation counters are lucite boxes lled
with Bicron 517L scintillator oil. The counters
have 1=8
00
thick and 1
00
wide vertical ribs (which
are typically spaced every 2 inches) for struc-
tural support. Each counter is surrounded by
eight 5
0
longwave-shifter bars, doped with green
Component Length
(cm) 
rad

I
4 Steel Plates 20:7 11:75 1:24
2 Scint. Counters 13:0 0:51 0:16
1 Drift Chamber 3:7 0:17 0:03
Dead Space (air) 6:0 210
 4
810
 5
Total 43:4 12:43 1.43
Table 1
Composition in units of cm, interaction and radi-
ation lengths of one unit of the NuTeV calorime-
ter.
BBQ uor. Light is detected at the corners
with four 2
00
photomultiplier tubes (Hamamatsu
R2154 [1]). This particular geometry and readout
scheme yields a minimum ionizing particle signal
of about 30 photoelectrons.
The response of the calorimeter to muons
is measured using muons from upstream neu-
trino interactions. Figure 2 shows a typical en-
ergy deposition for muons traversing a particu-
lar counter. There are on average 30 photoelec-
trons per minimum ionizing particle per counter.
The truncated mean of this distribution [2] (for
77 GeV muons) is taken as 1 Mip | minimum
ionizing particle energy deposition. The trun-
cated mean is determined by calculating the mean
of the distribution, using all events; then taking
the mean again, but only including the events be-
tween 0.2 and 2 times the previous mean. This
procedure is repeated until the dierence in the
truncated mean between two consecutive itera-
tions is less than 0.1%. The sample of muons used
for this measurement is corrected on an event-by-
event basis for the muon's momentum (if dierent
from 77 GeV), and for the angle with respect to
the direction perpendicular to the counter.
The hadron calibration beam is used to set
the absolute energy scale of the experiment (rel-
ative to the muon response). The calibration
beam transports particles (hadrons, muons or
electrons, depending on the mode) with energies
from 4.5 GeV to 190 GeV via a separate beam-
line routed around the neutrino beam. Calibra-
tion data are taken during a period separated by
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Figure 2. Typical energy deposition of muons
traversing one scintillation counter.
1.4 seconds in time from the neutrino beam. The
calibration beamline is instrumented with a low
mass spectrometer which can reconstruct particle
momenta with a 0:3% uncertainty.
In setting the hadron calibration, the total
shower energy is calculated as a sum of energies
deposited in the 20 most upstream counters in
units of minimum ionizing particles, multiplied
by a hadron calibration constant C

:
E
Shower
=
20
X
i=1
PH
i
 C

(1)
For the NuTeV calorimeter calibration we take
the initial value of C

= 0:211 GeV=Mip, as
measured by NuTeV's predecessor experiment
CCFR [3] during 1984 and 1987 Fermilab xed
target runs.
To set the absolute energy scale we t the dis-
tributions of the measured hadron energy (E) di-
vided by the momentum of the calibration beam
Figure 3. Poisson ts to the calorimeter en-
ergy/momentum distributions for three dierent
energies: 4.5 GeV, 75 GeV, and 190 GeV.
particles (p) with a Poisson-like function [4]. Fig-
ure 3 shows the t to this function for three dier-
ent calibration beam modes of 4.5 GeV, 75 GeV
and 190 GeV.
The energy dependence of the mean E/p dis-
tributions is shown in Fig. 4. Note that the non-
linearity of the calorimeter between 4.5 GeV and
190 GeV is 4:5%. Such a small non-linearity
is characteristic of non-compensating calorime-
ters which have only a slightly dierent response
to hadronic and electromagnetic showers. If
C
h
is the calorimeter calibration constant for
`pure' hadronic showers and C
e
for electromag-
netic showers, then the calibration constant C

for the `real' hadronic showers can be expressed
as:
C

(E

) = f

0
(E

) C
e
+ (1  f

0
(E

)) C
h
(2)
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Figure 4. NuTeV calorimeter response (squares),
response `corrected' for the C
e
6= C
h
-induced
non-linearity (circles). The f

0
(E

) used is from
Groom's parameterization.
where f

0
(E

) is the fractional energy of the ini-
tial hadron deposited through the electromag-
netic process 
0
! 2 decays. In order to pre-
dict the non-linearity of the NuTeV calorimeter
we perform a GEANT [5]-based Monte Carlo sim-
ulation of the detector to determine f

0
(E

) and
compare the non-linearity, predicted by the equa-
tion 2 with the measured non-linearity shown in
gure 4.
Monte Carlo studies have been carried out
using 3 dierent generators commonly used
within GEANT to simulate hadronic showers |
GHEISHA [6] , GFLUKA [7] and GCALOR [8].
Note that only GHEISHA is native to the
GEANT program. GFLUKA and GCALOR
are somewhat imperfect [9] implementations of
the original FLUKA and CALOR codes into
the GEANT framework (and therefore can yield
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EM
=
E
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Groom: -0.184
 = 1-(E/0.96)0πf
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Figure 5. a) Fractional energy of the elec-
tromagnetic component in a hadronic shower
as a function of hadron energy for three dif-
ferent hadron shower generators: GHEISHA,
GFLUKA, and GCALOR, together with the Wig-
mans and Groom parameterizations; b) Predicted
non-linearity, all three generators and both pa-
rameterizations were required to have the same
value of C

at 50 GeV.
somewhat dierent results than the original
FLUKA and CALOR programs). The estimated
f

0
(E

) from these simulations is presented in g-
ure 5a) together with two phenomenological pa-
rameterizations of f

0
(E

) by Wigmans [10] and
Groom [11]. Note the Groom's parameterization
of f

0
(E

) is the most recent and is supposed to
be a parameterization of results from the original
CALOR Monte Carlo.
By requiring the three generators shown in g-
ure 5a to have the same C

at 50 GeV one can
construct the expected non-linearity of the de-
tector response to hadrons as a function of en-
Energy, GeV
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Figure 6. a) Fraction of the shower energy de-
posited in hadron calorimeters of various lengths;
b) Energy resolution.
ergy as shown in gure 5b. Although the frac-
tional electromagnetic component as a function
of energy is dierent for the three generators,
the predicted non-linearity for hadrons is similar.
By tting the measured hadron energy response
shown in gure 4 assuming a non-linearity pre-
dicted by Groom's parameterization of f

0
(E

)
in equation 2 we nd the value of C
e
=C
h
to be
1:0530:01
1
, which implies a `real' hadron to elec-
tron response ratio of C
e
=C

= 1:03 at 75 GeV.
This is in agreement with the value of 1:0470:02
measured in the calibration beam with 75 GeV
hadrons and electrons.
The hadron energy response of the NuTeV
calorimeter (divided by the predicted non-
1
Groom's parameterization predicts slightly higher non-
linearity compared to the Monte Carlo generators as seen
in gure 5b and we think that this t somewhat underes-
timates value of C
e
=C
h
.
linearity using Groom's parameterization for
f

0
(E

)) is shown in gure 4. It appears that
this model describes the non-linearity of the
NuTeV calorimeter response to hadrons very well.
A similar conclusion has been reported by the
CDF Collaboration [12] for their plug-upgrade
hadron calorimeter, which has a much larger non-
linearity (i.e., it has a larger dierence in its re-
sponse for hadrons and electrons). Additional
details on the calibration and response of the
NuTeV calorimeter are reported in a longer com-
munication [4].
3. Thin calorimetry
For possible future space-based HEP exper-
iments (e.g., a measurement of cosmic ray
hadrons) one needs to minimize the size and mass
of the detector. Therefore, a natural question
arises | how thin can a hadron calorimeter be
made and still remain eective? A study, based
on the NuTeV calibration beam data and the de-
tector Monte Carlo, has been done to determine
the energy resolution of thin calorimeters rang-
ing from 2 to 15 nuclear interaction lengths. A
very thin calorimeter of  2 nuclear interaction
lengths is of the most interest, since mass is so
expensive to place in space.
We investigate thin calorimeters [13] by using
only 3, 5, 7 or 10 of the 84 scintillation counters
(3 counters correspond to approximately 1.8 nu-
clear interaction lengths). Note that there is
only 2
00
of steel immediately upstream of the rst
counter, and 4
00
of steel immediately upstream of
each of the other counters. All events are required
to have an energy deposition greater than 10 GeV
in the rst counter to guarantee that the shower
starts in the very beginning of the detector (i.e.
in the rst 2
00
of steel). First, we verify the valid-
ity of the Monte Carlo simulation of the detector
using the calibration beam data for energies up
to 190 GeV. We then use the Monte Carlo sim-
ulation to predict the energy resolution of vari-
ous length calorimeters at higher energies. Using
the hadron shower generator GHEISHA we are
able to reproduce the measured detector resolu-
tion to within 15% (of its value) for thin calorime-
ters [13].
The results of the study of thin calorimeters are
presented in gure 6. We nd that with a 1.8 nu-
clear interaction length calorimeter the energy is
measured with a constant resolution of approxi-
mately 35% to 37% with the eÆciency of the im-
posed `10 GeV in the rst counter' cut increasing
from 15% at 100 GeV to 30% at 2 TeV. The frac-
tion of the interaction energy which is contained
in 3 counters is approximately 43%. The energy
in the rst 1.8 interaction length is almost entirely
from the electromagnetic component of the rst
interaction of the high energy hadron. Additional
details are reported in a longer report [13].
4. Summary
In conclusion:
1. The NuTeV calorimeter has been calibrated
using neutrino-induced muons, which can
be used to account for time and position
dependence of the calorimeter response.
2. The absolute energy scale has been estab-
lished using the NuTeV hadron calibration
beam with a precision of 0.3% [4].
3. A 4.5% non-linearity in the hadron response
between 4.5 and 190 GeV has been mea-
sured, and is found to be consistent with the
prediction using Groom's parameterization
of f

0
, with C
e
=C
h
= 1:053 0:01.
4. The hadron energy resolution [4] of the
NuTeV calorimeter is:

E
= (:020 :002) +
(:885 :004)
p
E
5. The response and resolution of thin
calorimeters with 1.8{10 nuclear interaction
lengths have been measured for energies up
to 200 GeV, and simulated up to 2 TeV. The
energy resolution of a 2 interaction lengths
calorimeter is predicted to be constant at a
level of 35% at high energy [13].
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